In order to develop a process of both recovering the heat retained in molten blast furnace slag and producing aggregate for concrete making, characteristics of molten slag in granulation and solidification were investigated.
I. Introduction
The amount of energy that the iron and steel making industry consumes yearly reaches to about 18 % of the whole energy consumption of Japan, and in an integrated steel works, about 40 % of the charged energy is lost as waste in various forms.l) Of these, that due to blast furnace slag is enormous : it is discharged at 1 400 to 1 450 °C by about 30 million tons a year at about 400 000 kcal/t.
It is for this reason that many an attempt at developing a heat recovery process is being carried out positively. Because of the very low heat conductivity of the slag, only 1 to 2 kcal f m. h. °C, however, few processes have been established for practice so far. 2, 3) Traditionally, blast furnace slag has been used as, for example, the ballast for civil work, but lately well prepared blast furnace slag sand has become recognised as possessing properties that are sufficient for aggregate for concrete making.4-6) Therefore, it would seem that blast furnace slag not only should be more valuable as aggregate but would alleviate the scarcity of river sand, whose supply is under a very severe restriction for environment conservation, in competition with sea sand, which is not a very apt surrogate because of its salt content.
Thus, any process for heat recovery from blast furnace slag that will prove to be industrially practicable should meet the following conditions : 1) to be able to granulate the slag to the desired size, 2) both the heat to be lost during granulation and the energy required for granulation to be small, 3) to be able to efficiently recover the heat both while the slag is molten and after it is solidified, and 4) the cooled slag to be able to serve as fine aggregate for concrete making. This scheme may be presented in a flow diagram as shown in Fig. 1 . In the authors' knowledge, however, no process that satisfies the four conditions described above has been developed as yet.
In this paper, a portion of an attempt at developing such a process, undertaken jointly by the Sumitomo Metal Industries, Ltd. and the Ishikawajima-Harima Heavy Industries Co., Ltd., the parts that are related to the fundamentals, i.e., a method of granulation of molten slag and the thermal characteristics of molten slag granules during cooling, are presented.
II. Granulation
of Molten Slag There are many methods available for granulation of liquid, the molten metals in particular.
More famous ones are those that utilise either the centrifugal force imparted by a rotating plate or a drum of various design or the shearing force of air jet or water jet.2) When examined in view of the four conditions set forth above, however, none of those appear to afford immediate application. It is because in those methods the particles produced are necessarily flung far and wide, making both heat recovery and collection rather difficult, and fibres and lumps, forms that are no good for concrete aggregate, are very apt to be produced. Thus, at the outset of the present investigation, it was recognised that there was a clear need of devising a new method.
Experimental Procedure
The two glanulators that were used for experiments are illustrated in Fig. 2 , where (a) is the rotating disc, and (b) is the rotating drum having a pair of flanges at either end, both apparatuses made of mild steel and with the surface either finished to buff polish or Cr plated.
Granulation was conducted by melting about 2 kg of slag in an electric furnace, tapping it to a tundish located above the granulator, and letting it fall through a nozzle installed at the bottom of the tundish. The operational variables were the head, H, namely the distance from the melt surface to the granulator, which was varied from 300 to 2 000 mm (over 1 000 mm for the drum granulator), the diameter of the nozzle, which was from 9 to 14 mm, and the revolution speed of the granulator, which was from 83 to 310 r.p.m. (200 r.p.m. for the drum).
The granulation behaviour of molten slag was studied by means of high speed kinematography and by particle size distribution analysis, which was performed with the granules that were let fall on and cool in a bed of graphite powder provided around the disc or in front of the drum.
Results

Effects of Condition of Granulator Surface
Photograph 1 shows two distinctly different appearances of granulation achieved with the same rotating disc device. In Photo. 1(a), the case of granulation by centrifugal force is presented. It will be seen that the molten slag, as it falls onto the disc, first adheres to the surface, flows toward periphery, then is flung away granulated from the edge. Problems with this method are : (1) the large range of dispersion of granules, (2) formation of fibres and fibrous particles, and (3) formation of lumps, this occurring when the slag drips down, rather than gets flung away, off the edge of the disc.
In Photo. 1(b), on the other hand, a typical example of favourable granulation is presented. The apparatus is the same, but the disc surface is now insulated against the falling slag, here by applying a thin coat of oil, but it was found that many other substances, including water and silver (or aluminium) paint, work just as well. It will be observed that the molten slag is being granulated upon collision with the disc, without once adhering onto it. Namely, in this instance, the granulation is achieved, not by the centrifugal force, but, as will be discussed later, by the virtue of the kinetic energy the slag has stored in itself before colliding with the disc.
Thus, this method appears to possess the following intrinsic features : (1) the slag temperature drop in granulation is small because the contact between slag and disc is only momentary, (2) the energy required for granulation is small because there is no need to produce a large centrifugal force, (3) collection of and heat recovery from the granulated slag should be comparatively easy because the range of dispersion is small, (4) formation of slag fibre is very little, (5) the slag granules produced are of a near sphere in shape, and, as will be discussed later, (6) the size of granules can be controlled as specified.
The same applies to the rotating drum granulator of Fig. 1(b) . Therefore, all the subsequent experiments were conducted with either the disc granulator of the drum granulator, both with the collision surface coated with either oil or water.
Granulation Habits
Photograph 2 shows granules produced by the rotating drum device, as they were let fall on and solidify in a graphite powder bed laid in front of the apparatus.
It will be seen that they are all nearly spherical, the shape they apparently acquired under the surface tension during their flight through the air, and that sizes ranging from 1 mm to 10 mm may be produced with this granulator and for the operational 
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(1) Mean Diameter As stated briefly earlier, granulation takes place on the kinetic energy of the falling slag. This would mean that the size of the granules should be related to the head, H. Further, as the spherical form is evidently due to surface tension, which may be regarded as nearly invariant within the conditions of experiments, the size would depend on the viscosity, namely temperature, of the slag. Therefore, relationship between those quantities were examined using the mean diameter, defined as follows, as parameter.
where, D,: the sieve size of the ith screen (15.9, 9.5, 7.7, 4.8, 2.4, 1.2, and 0.6 mm, respectively) Fi : the weight fraction of those granules that remained on the ith screen, there having been no granules that were larger than 15.9 mm or smaller than 0.6 mm. The relation between the head of molten slag H and the mean diameter is presented in Fig. 3 . It will be seen that the mean diameter decreases as the head increases, that the change is especially remarkable below 1 000 mm, and that not much gain is to be expected for over 1 500 mm. Thus, a head of 2 000 mm was thought to be adequate for practice. Figure 4 shows, on the other hand, the relation between the temperature of slag in the tundish and the mean diameter.
The mean diameter decreases as the temperature is raised, almost linearly but not quite so.
(2) Direction of Dispersion and Velocity of Flight In the case of rotating disc, the granules fly laterally and uniformly in all directions about the point of collision ( Photo. 1(b) ). In the case of rotating drum, on the other hand, it was found that some 60 % flies forward, or in the direction of drum rotation, and remaining 40 % backwards. When considered that many of the laterally flying granules must have been deflected forwardly by the pair of flanges that are provided for this specific purpose, however, it may be concluded that in this case, too, the effect of rotation is to be disregarded. Obviously, this is due to the insulation coating of oil or water applied to the surface, which has made the friction, hence transfer of momentum, between the collision surface and the slag negligibly small.
The nominal horizontal velocity of flight of the granules immediately after granulation was estimated from the average distance they convered before landing, and is plotted as a function of slag head in Fig.  5 . It is clearly recognised that the velocity is proportional to the square root of H, an observation that verifies the theory that granulation is achieved on the kinetic energy the molten slag has on collision.
The effect of slag temperature on the flight velocity is shown in Fig. 6 . The higher the slag temperature, Photo.
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Transactions Is", Vol. 22, 1982 the greater becomes the velocity, probably because higher temperature means lower viscosity and surface tension, hence smaller energy lost in granulation. There appears to be an effect due to surface finish, but the reason for this is not well understood. The flow rate was found to exert influence on the flight velocity. This is shown in Fig. 7 , where it may be noticed that the use of 40 mm diameter nozzle for a flow rate of about 300 kg/min gave rise to twice as fast a velocity as the case of 14 mm diameter nozzle, which was for a flow of about 20 kg/min. This phenomenon, too, is not well understood.
For practical uses, where the temperature of slag will be 1 350 to 1 400 °C and the flow rate about 30 t/h or more, the initial velocity in the horizontal direction of the flying granules may be expected to be about 5 m/sec.
Mechanism of Granulation
The mechanism of granulation was studied by high speed kinematography. This is illustrated in Photo. 3, which shows a case of rotating disc, coated with oil, and with a slag flow rate at about 20 kg/min through a 14 mm diameter nozzle and 2 m head, and in Photo. 4, which presents a case of rotating drum, sprayed with water, and with a slag flow rate at about 30 t/h through a 60 mm nozzle and 2 m head. It will be seen that in the former case the molten slag is in the form of discrete droplets when colliding with the disc, and that in the latter it is a continuous stream. It will be observed further that, despite this difference in the state of molten slag, the basic process of formation of slag granules is the same : namely, (1) collision of molten slag with the insulated surface, (2) formation of a disc as the molten slag is spread uniformly, (3) formation of a number of concentric rings upon expansion of the disc, and (4) formation of granules upon continuing expansion and tearing of the ring .
Thus, the mechanism of granulation may be understood as the one schematically illustrated in Fig. 8 for the case of intermittent flow. In the case of continuous flow, too, the same mechanism works as well because the flow is presumably under pulsation as fluids do. This is shown in Fig. 9 .
Therefore, the driving force of granulation of the present method appears to be the kinetic energy the molten slag has acquired before collision. Here, from the conservation of energy between before (subscripts 1) and after (subscripts 2) collision, U1+S1 = U2+S2+4U, . ................. (1) where, U's : the kinetic energy S's : the surface energy 4U: the energy lost during granulation. Now, those energies would be subjected to such metallurgical and operational variables as chemical composition, temperature, surface tension, viscosity , as well as friction of the collision surface, and head. Of those, the surface tension will little affect granula- Appearance of granulation of the molten blast furnace slag with a rotating drum.
(Slag flow rate : 30 t/h) tion because it does not change much with temperature and chemical composition. Viscosity, on the other hand, will affect the granulation greatly as it remarkably decreases with temperature : for blast furnace slags, 3 poise at 1 450 °C, but as much as 6 at 1 400 °C.9-10) The effect of viscosity increase will be felt through the increased resistance to expansion of slag disc and rings, resulting in larger granules and larger J U. This may be seen in Fig. 4 . Therefore, for a given slag and apparatus, i.e., with surface tension, viscosity and the distance of free fall held constant, the greatest factor of influence will be the slag head H, to which U1 should be proportional. Now, since the velocity of flying granules is proportional to square root of H as shown in Fig. 5, U2 would be proportional to U1, hence to H also. Further, inasmuch as all the variables other than H are held constant, it might be argued that d U, too, is proportional to H. Thus. (3) where D1 is a constant.
Therefore, D2, the mean diameter of the granulated slag particles, should be inversely proportional to the slag head H. Figure 10 , and Fig. 3 also, shows that this is indeed true, verifying that Eq. (2) holds true.
It may be concluded, therefore, that the granulation of the present method is achieved by conversion of kinetic energy of falling slag into surface energy, a feature that is made possible by preventing the sticking of the molten slag to the collision surface, and that there is a certain limit to this conversion, above which the input energy is simply dispensed in increasing the flying velocity of the granules formed.
III. Cooling and Solidification of Molten Slag
Granule For ultimate industrial application, there can be only two ways conceivable for heat recovery. One is to aim only at the heat the solid retains, for which purpose the heat recovery process, whatever it may be, may apply itself after the slag has been solidified. With any substance that solidifies at a high enough temperature and quickly, this approach may suffice. The other is to try to recover the heat both in the molten as well as in the solid state, an approach which is obviously the more desirable of the two though by far the more difficult. Nevertheless, this is the course that will have to be pursued for blast furnace slag, for the available temperature is not overly high, only 1 300 to 1 400 °C.
There is another problem to it. That is, for the present method of granulation which produces slag granules en masse and in the molten state to be successfull, occurrence of lumps due to coagulation of individual particles, hence degradation of product, must be forestalled. Besides, the nearly perfectly spherical form of those granules should be preserved through the heat recovery process.
It is for those purposes, and in absence of previous reports, that the cooling and solidification behaviour of blast furnace slag was studied.
Experimental Methods and Results
A quantity of slag was melted in a crucible, and a Pt/Pt-l3 Rh thermocouple was dipped into then drawn out of the melt so as to allow a bit of slag to solidify around the thermocouple bead. This procedure was repeated several times until a sphere of desired size, about 5 mm in diameter, was developed. Then, the specimen, now with a thermocouple embedded in situ, was placed in an electric furnace, and first allowed to melt again, then brought to a predetermined temperature, held for some time, and withdrawn out of the furnace.
To determine the solidification temperature, this specimen was subjected to a static pressure of 0.025 kgf, and the " softness " was measured in terms of a ratio of the diameter a to the thickness b, both reckoned after deformation was completed. This procedure was devised because direct determination by (D2)
Transactions ISIJ, Vol. 22, 1982 thermal analysis was found very difficult as the sample slags solidified into amorphous when let cool in still air. Besides, for the purposes stated earlier, not only knowledge of solidification temperature as such is not necessarily mandatory, but this hardening temperature should afford more practically useful information. The result is shown in Fig. 11 , where it will be seen that transition from easily deformable " liquid" state to hardly deformable " solid " state is clearly discernible, and that the " solidification " temperature is about 850 °C.
To determine the cooling characteristics, on the other hand, the specimen was withdrawn likewise out of the furnace, and let cool either in still air or under air blast of given velocity. The results are summarised in Fig. 12 , where dotted lines denote the results of calculation conducted for 5 mm diameter sphere with literature values of heat conductivity of 2.0 kcal/m•h.°C and heat transfer coefficient of 141 kcal/m2. h. °C. Agreement appears to be satisfactory.
An Attempt toward Large-scale Application
As shown in Fig. 7 , slag granules of 5 mm diameter will fly through the air at a velocity of about 5 m/sec. Further, to preserve the spherical shape, they need to solidify during their flight, if not entirely, at least so as to develop an outer shell of a substantial thickness. Since the cooling rate for 5 m/sec air velocity from over 1 300 °.C to about 850 °C should be about 60 °C/sec on the average and as high as 100 °C/sec in the high temperature range (Fig. 12) , a solidification time of at least 5 sec is necessary, during which time a lateral distance of more than 25 m will have been covered. As a heat recovery apparatus of such dimension is unthinkable for practice, acceleration of cooling was envisaged using a fluidised bed with finely pulverised (to less than 1 mm) slag sand as the coolant, thus combining air cooling with sand cooling. Accordingly, a fluidised bed was designed11> for 5 mm diameter slag granules with temperature of fluidised bed of 700 °C, density of slag 3 000 kg/m3, specific heat of slag 0.27 kcal/kg. °C, fluidisation velocity Umf 0.5 m/sec, and fluidising air velocity of 1 m/sec. It was calculated then that such a fluidised bed cooler will develop a heat transfer coefficient of 270 kcal/m2•h•°C.
The cooling behaviour of a 5 mm diameter slag granule entering the fluidised bed cooler of above design is expected to be as shown in Fig. 13 . It will be noticed that only about 3 sec is needed to cool the granule to below 850 °C.
Moreover, there will be an additional cooling due to slag sand, which was not considered in Fig. 13 . This may be seen in Photo. 5, where it will be noted that even though a large amount of crystallites may form in the inside, the outer shell remains amorphous by the virtue of the slag powders adhered onto it, thereby preventing mutual adhesion and coagulation of slag granules at the same time. Therefore, the effective heat transfer coefficient of such a fluidised bed cooler will be more than the value mentioned above. 
IV. Summary and Conclusions To develop a process both for heat recovery and for production of aggregate for concrete making out of blast furnace slag, characteristics of molten slag in granulation and in solidification were investigated.
(1) The molten slag was successfully granulated by making it collide with a hard surface that was insulated by applying a thin coat of oil or water to avoid adhesion of slag onn the surface.
(2) The granulated slag particles dispersed to every direction uniformly about the collision point without being affected by rotation of the collision surface.
(3) The energy for this granulation was recognised to be the kinetic energy the molten slag had stored in itself before collision, and not the centrifugal force given rise to by the rotation of the surface.
(4) The flight velocity in the horizontal direction of those granules was proportional to the square root of the head of the molten slag, and was about 5 m/sec when the head was 2 m.
(5) The shape of granulated slag was nearly spherical, and diameter was proportional to the reciprocal of the static head, the mean diameter being about 5 mm when the head was 2 m.
(6) The solidifying temperature of molten slag granule was about 850 °C, and the cooling rate of a slag granule of 5 mm diameter before solidification was about 60 °C/ sec on the average, though as high as 100 °Cfsec in the high temperature range, when subjected to air blast.
(7) For accelerating the cooling rate further and at the same time avoiding the mutual adhesion of slag granules as well as for extracting the heat both while molten and after solidified, use of air-fluidised bed of pulverised slag sand was shown to be effective.
P. S.
Based on the results reported herein, a demonstration plant rated at 40 t/h and integrally comprising a rotating drum granulator and a pair of air-fluidised bed granule coolers was built and run jointly by the two companies at the Wakayama Steel Works, Sumitomo Metal Industries, Ltd. It was shown that this plant was capable of producing good quality aggregate at approximately 50 t/h while recovering 50 to 60 % of slag heat in the form of hot air of over 600 °C and about 550 Nm3 /min. This phase of research will be reported in due time.
